where R AOM is the rate of anaerobic methane oxidation, v max is the maximum AOM rate, and K CH4 and K SO4 are the half-saturation constants of methane and sulfate, respectively.
This expression mimics the effect of enzyme saturation, which places upper limits on reaction rates. The concentration of reactants at which enzyme saturation occurs is related to half-saturation constants. Laboratory studies indicate a half-saturation constant of ~0.5 mM for sulfate (K SO4 ), with K CH4 having values in the mM range (Wegener and Boetius, 2009) . Therefore K SO4 and K CH4 are set at 0.5 and 1mM, respectively. Sensitivity tests show that the exact choice of half-saturation constants is not critical -the influence on isotope composition of pore fluids is minor.
Carbonate precipitation rates depend on the saturation state of pore waters with respect to calcium carbonate (Ω), given by:
K sp is the solubility product of aragonite. Ω CaCO3 is linked to carbonate precipitation rates by the expression:
K carbprec is the kinetic constant for carbonate precipitation and n = 3, accounting for the non-linear dependence of precipitation rate on saturation state.
Organic matter (OM) flux: Models of modern seeps usually take fluxes of OM to the sediment/water interface and subsequent burial into account because bacterial sulfate reduction of OM consumes sulfate. This reaction typically reduces the sulfate available for AOM and depresses the SMTZ (Regnier et al., 2011) . Reactive OM may also fuel methanogenesis when oxidants are exhausted, boosting the supply of methane for AOM (Regnier et al., 2011 at ~15% of the rate when sulfate is utilized. We also note that in the Proterozoic and Paleozoic, reducing oceanic conditions would also limit the flux of reactive Fe(III) phases reaching the seafloor. These factors severely limit the localized production of carbonate cements that are typically dominant mineral phase in ancient seep sediments. Figure DR1 . Map showing the location and age (Ma) of ancient seep carbonates in the isotopic compilation shown in Fig. 1 (main text) and Table DR1 .
FIGURES
A B Figure DR2 . AOM rate and the δ 13 C (PDB) of carbonates as a function of advection velocity with AOM maximum rate constants set at (A) 50, and (B) 300 mmol kg -1 a -1 . 
